Summary. Spermatozoa from C57BL/6NNia mice (7-and 25-month-old males that produced offspring and 25-month-old males incapable of producing offspring which either mated or did not mate after being paired for 1 month with proven-fertile females) were tested in in-vitro fertilization studies. The 7-month-old males fertilized the largest number of oocytes (80\p=n-\86%) in vitro and 79% of them subsequently developed into blastocysts in culture. Aged males which failed to mate fertilized the lowest number of oocytes (11\p=n-\19%) with 48% developing to blastocysts. This group of mice had the lowest number of spermatozoa in the cauda epididymidis (3\m=.\2\ m=+-\ 0\m=.\4\ m=x\105/mg tissue) with fewer motile spermatozoa (22\m=.\3\ m=+-\5\m=.\1%) than younger males. The percentage of spermatozoa retaining their acrosome after 3 h in culture was higher in aged males which had not mated when compared to younger males that had mated. After 4 h in culture, however, the number of spermatozoa that had lost their acrosome was almost identical in the two groups. Superovulated mice which were artificially inseminated with spermatozoa from 25-month-old mice that had not mated did not become pregnant. Testosterone concentrations were lowest in aged mice not mating. These concentrations may explain the poor behavioural response of these males, but whether they account for the inability of spermatozoa to fertilize ova in vitro or in vivo after artificial insemination is not known.
Introduction
A previous study (Parkening et al, 1988) examined several biological parameters in ageing male C57BL/6NNia mice. A significant finding from that study was that less than half of the mice, 24 months of age, would mate with a young proven-fertile female mouse when housed together for 1 month. However, aged mice which did mate (42%) and were capable of impregnating (65%) a female produced a litter size similar to those produced by 6-month-old mice. The majority of the aged mice which failed to mate still had adequate, although lower, numbers of motile spermatozoa present in their cauda epididymidis. Since it was not known whether the failure of these seemingly healthy mice to mate resulted from age-related changes in their behaviour or from unrecognized physiological changes, it was decided to examine their spermatozoa in vitro.
Materials and Methods
Animals. Virgin male C57BL/6NNia mice (6 and 24 months of age) were purchased from the National Institute of Aging colony maintained by Charles River Laboratories (Wilmington, MA, USA). They were housed under 14 h of artificial light (06:00 to 20:00 h) in a temperature-controlled room (21-23°C) and provided with mouse chow and water ad libitum. The mice were allowed to adjust to their new surroundings and 10 days later they were individually housed for 1 month with a proven fertile 4-month-old C57BL/6NNia female. Female mice were checked each morn¬ ing for the presence of spermatozoa in the vaginal smear. At the end of the 1-month mating period males were classified as fertile breeders, non-fertile breeders or nonbreeders. The mice were then killed within 2 weeks and their spermatozoa were used for in-vitro fertilization or artificial insemination experiments.
Recovery and preparation of spermatozoa. A cauda epididymidis was removed from either a 7-or 25-month-old male, weighed and placed in a culture dish (35 10 mm, Falcon 3005) containing 0-5 ml of previously incubated BWW medium (Biggers et al, 1971 ) containing 4 mg BSA/ml. The epididymis was cut several times with dissecting scissors and placed in the incubator (37°C) in 5% C02 in air for 15 min. The number of spermatozoa which had dispersed into the medium was determined using a haemocytometer and the number/mg tissue recorded. The number of motile spermatozoa was also counted within the field of the haemocytometer.
For each male approximately 5 IO5 motile spermatozoa/ml were suspended in a 200 pi bubble of Medium BWW under paraffin oil in a Falcon plastic dish (35 10 mm). Mice had to have some motile spermatozoa to be included in the study. Spermatozoa were allowed to capacitate for 2 h before adding ova to them. Spermatozoa were morphologically evaluated by mincing the contralateral epididymis in 1 ml Hank's medium and allowing the sperma¬ tozoa to disperse as above. The sperm suspensions were then dried on microscope slides and silver stained according to Elder & Hsu (1981) to assess their morphology. Spermatozoa were considered abnormal if they contained head malformations corresponding to classification 3-5 as devised by Krzanowska (1981) (Parkening & Chang, 1976) (Leckie et al, 1973) . After insemination a vaginal tampon was inserted into the vagina as described by Leckie et al (1973) . The mice were killed on Day 10 or Day 18 after insemination to examine the uterus for fetuses.
Acrosome reaction. To detect any differences in the loss of the acrosome, spermatozoa were removed from culture dishes hourly, after incubation for 1 to 4 h, and applied to a column bed (2 cm) of Sephadex G-25 prepared in Pasteur pipettes (Fraser & Quinn, 1981) . The motile spermatozoa leaving these columns were then stained by the procedure of Wells & Awa (1970) . The stain was prepared by combining 5 ml of a 10% solution of eosin (dissolved in distilled water), 10 ml of a 1-0% solution of fast green FCF (dissolved in distilled water) and 8-5 ml ethyl alcohol. A droplet of sperm suspension and the staining solution were mixed together for 1 min on a clean microscope slide and then smeared with a second slide and air dried at 37°C on a slide warming tray. Permanent slides were made using Permount under coverslips. At least 2 slides were prepared from five 7-month-old and five 25-month-old (non-mating) mice at each of the four time intervals, and 100 spermatozoa were examined from each slide for loss of the acrosome.
In two experiments spermatozoa from 7-month-old and 25-month-old non-mating mice were allowed to capaci¬ tate for 1, 2, 3 and 4 h before adding ova to determine whether increasing the time for capacitation improved the rates of fertilization.
Testosterone radioimmunoassay. Plasma testosterone concentration was determined for each mouse providing spermatozoa in this study (Table 1) . A direct-testosterone RIA kit (Immuno Corporation, Carson, CA, USA) was used. A 25 µ sample of unextracted plasma or 25 µ standard material was incubated with 125I-labelled testosterone (40 000 c.p.m./ml) in antitestosterone-coated test tubes at 37°C for 120 min. The contents of the tubes were then aspirated and the radioactivity of the bound hormone was counted and extrapolated from the standard curve. Sensitivity of the assay was 1 -7 pg/tube and the within assay variation was 8-3%.
Results
The greatest concentration of spermatozoa/mg wet weight of epididymis and the highest percent¬ age of those spermatozoa exhibiting motility were found in 7-month-old C57BL/6NNia males ( Table 1 ). The lowest number of spermatozoa was found in 25-month-old mice which did not mate. Sperm motility was reduced in this group when compared with younger mice. Three of the nonmating males contained no motile spermatozoa and were excluded from the study. The number of morphologically abnormal spermatozoa was higher in 25-month-old males that mated and did not produce young when compared with young and aged mice producing offspring (Table 1) .
Plasma testosterone concentrations in 7-month-old males, 25-month-old males that produced young, 25-month-old males that mated without producing young and 25-month-old males that did not mate were 5-2+1-6, 4-2 + 20, 1-6 + 0-2 and 0-7 + 01 ng/ml, respectively (P < 005, ANOVA). Testosterone concentrations in 25-month-old mice that did not mate were lower (P < 005 to < 0005; Student's t test) than those of mice in the other three groups. Produced offspring 10-7 IO5 ± 0-4"** 50-2 ± 3-8a** 70 ± 0-6a* 25 4
Produced offspring 6-5 IO5 ± 0-3b 390 ± 3-3ab 6-9 ± 0-5a
Mated (no offspring) 5-8 10s ± 0-2b In-vitro fertilization Spermatozoa from the 7-month-old male mice fertilized the highest percentage of oocytes in vitro (Table 2) . Of the three categories of 25-month-old mice, those that had sired a litter fertilized the greatest number of oocytes, whereas those that had failed to mate fertilized the least number of oocytes in vitro. Motile spermatozoa from aged mice not mating sustained their motility as long as did other spermatozoa. These same spermatozoa also released sufficient quantities of hyaluroni¬ dase in culture to clear the cumulus cells from the ova as rapidly as did spermatozoa from the other three groups of mice. These spermatozoa also appeared to make contact with the zona pellucida of the egg but did not fertilize it.
All of the ova listed in Table 2 were mounted, fixed and stained. Fertilized ova were monospermic except for one dispermie egg fertilized by a 7-month-old male. There was nothing unusual noted in the early fertilization (e.g. sperm penetration, formation of pronuclei) by spermatozoa from any of the groups.
Embryo culture
The number of eggs cultured that divided to the 2-cell stage (Table 3 ) was greatest if they had been fertilized in vitro with spermatozoa taken from mice that had produced offspring, regardless of the animal's age. Aged males mating without offspring and those that did not mate had consider¬ ably fewer eggs cleave to the 2-cell. It was apparent by the late 2-cell and early 4-cell stages which ova had not been fertilized (Fig. 1) . Those Artificial insemination It was apparent that spermatozoa from aged males which had not mated were fertilizing the fewest eggs in vitro. To determine whether a similar loss might occur in vivo, artificial insemination was attempted.
Of 6 mice inseminated with spermatozoa from 7-month-old mice, 3 were pregnant when killed at 18 days after insemination. They contained a total of 12 (6, 5, 1) normal fetuses. None of 8 mice inseminated with spermatozoa from 25-month-old males that had not mated became pregnant: 4 were killed 18 days after insemination and 4 after 10 days to determine whether early embryos had died shortly after implantation and were being resorbed.
Acrosome loss
It was possible that the spermatozoa from non-mating males were not capacitating properly in vitro. To investigate one aspect of this process, spermatozoa were removed each hour during the 4-h incubation and examined for the retention or loss of the acrosome. At 1 and 2 h there were no differences between the two age groups in the loss of the acrosome (Fig. 2) . After 3 h there was a significant difference (P < 005, Student's t test) because spermatozoa from 25-month-old mice did not continue to exhibit a linear progression in the loss of the acrosome (Fig. 2 ). There were slightly fewer spermatozoa at this interval than at 2 h that had lost their acrosome. Many spermatozoa Fig. 1 . Two-and 4-cell embryos derived from ova fertilized in vitro by spermatozoa from (a) a 7-month-old mouse and (b) a 25-month-old mouse that had failed to mate. The ova were inseminated 8-9 h in culture, washed and placed in fresh Medium BWW to observe their development. The photographs were taken after culture for 48 h. In (b) only one 4-cell embryo (arrow) appeared normal, 120. from the older mice, however, did lose their acrosome between 3 and 4 h, because the number of spermatozoa without an acrosome (79%) was similar to those (82%) from 7-month-old mice. Spermatozoa from the non-mating aged males may still have not completely capacitated because preincubating the spermatozoa for as long as 4 h before the addition of eggs did not increase the percentage of eggs fertilized.
Discussion
Spermatozoa were still being produced in the testes of all male mice in this study. In non-mating mice spermatozoa accumulate and age in the male tract, and so it is highly probable some are inherently inferior. Spermatozoa artificially aged by ligation of the cauda epididymidis of the mouse for 6-20 days led to a significant increase in chromosomal anomalies of paternal origin at first-cleavage metaphase (Martin-DeLeon & Boice, 1982) . This was also true when first-cleavage zygotes were examined from mice mated to males sexually rested for 14 or more days compared to 3-day rested mice (Martin-DeLeon & Boice, 1985) . On the basis of the latter study it might be expected that there would be a paternal-age effect in the mouse, since older mice may copulate less frequently.
A paternal-age effect was not detected in a recent study when comparing litter sizes or congeni¬ tal defects in young sired by 6-and 24-month-old mice (Parkening et al, 1988) . However, only 42% of the aged mice mated. All of the mice in that study and in our present study were virgin when received at 5 and 23 months of age. They were housed individually for 1 month before the introduc¬ tion of a single female. As a group the older mice which produced copulatory plugs took longer to mate than did the younger mice. This behaviour may have resulted from their prolonged period of social isolation (Huber & Bronson, 1980) . Huber & Bronson (1980) were able to stimulate some aged CBFj virgin males to mate after repeated exposures (5-day periods) to receptive females. In our studies males were housed with the same female for 1 month. Some of the aged males not mating were then tested after that month by adding a new female or a group of 3 females. This did not provide any additional incentive for these mice to mate.
From the present study it appears that some of the spermatozoa from aged males are inferior. Aged males which mated and produced offspring fertilized 12-30% fewer eggs in vitro than did those from younger males, although the percentage of zygotes capable of developing into blasto¬ cysts appeared comparable to those fertilized by younger males. This agrees with our previous study (Parkening et al, 1988 ) in which we found no decline in litter size between the two age groups. Aged males which mated and did not produce young and those not mating fertilized only 29-36% and 11-19% of eggs respectively, in vitro. Both of these groups also showed a greater variability in the number of eggs fertilized in vitro which were capable of developing into blasto¬ cysts. Non-mating mice were also incapable of fertilizing ova when their spermatozoa were artifici¬ ally inseminated.
Aged male mice that produced offspring do not appear to be contributing to embryo loss, based on the litter size they produced and a preliminary chromosomal study of implanted embryos (Parkening et al, 1988) . More extensive chromosomal studies are necessary, however, to verify these findings. Mice which did not mate would have to be eliminated from the evaluation of a paternal-age effect. This leaves aged males that mated and did not produce offspring as the group most likely to be representative of a paternal ageing factor. The group represented 35% of those mating in the previous study (Parkening et al, 1988) Krzanowska (1981) in a study of ageing male KE (7-15-month-old) and CBA (10-month-old) mice found little correlation between misshapen spermatozoa and advancing age, although the number ofmice examined was rather small. The incidence of morphologically abnormal spermatozoa does not appear to increase dramatically with advancing age in the C57BL/6NNia mouse. Spermatozoa considered misshapen, however, were those with rather obvious malforma¬ tions. Certainly more subtle changes in the sperm head may be occurring and a closer examination of head dimensions may reveal greater differences. In vitro, spermatozoa having minor changes in the head are more likely to penetrate the zona pellucida and fertilize ova than those with gross malformations (Krzanowska & Lorenc, 1983 In addition to the quality, the quantity of spermatozoa produced by aged male mice may be a factor in fertilization. The epididymal sperm concentration in aged mice which produced young was approximately twice that of aged mice failing to mate. There was not a marked difference, however, when comparing the number of spermatozoa from aged males which mated and did or did not produce young in this study or in our previous study (Parkening et al, 1988 
